Population distribution, land-use, industrial activity, urban agricultural activities, and pollution control strategies in Harare, Zimbabwe, have all changed significantly since independence in 1980. The effects of these changes on water quality and the consequences on human and ecological health are of major economic and social importance. This study looked at pollution in the Marimba River, one of the major inflow rivers into the Lake Chivero, Harare city's main water supply source. The river was characterised using standard physical and chemical methods to assess water quality from June 2000 to December 2001. Monthly sampling results indicated high pollution levels, especially nutrients. Nitrogen values averaged 13.5 ±2.0 mg·l -1 as N, and phosphorus 2.6 ±0.6 mg·l -1 as P at the river's discharge point into Lake Chivero. The high nutrient values, exceeding acceptable limits, are indicative of industrial, agricultural, and sewage discharges upstream. The gross river pollution levels are detrimental to the downstream Lake Chivero. It was concluded that although there are other significant incidental sources of nutrient pollution in Marimba River, sewage effluent is by far the major polluter. It was established that pond overflow from Crowborough Sewage Treatment Works is the major source of sewage inflows and treating this to tertiary standard would result in 46% and 35% reductions respectively for total nitrogen and total phosphorus loads in the Marimba River
Introduction
Nutrient enrichment is a major threat to freshwater ecology, leading to severe pollution problems. The disposal of untreated or partially treated wastewater into rivers is quite common in developing countries. This involves the discharge of nitrogen and phosphorus; the major nutrients that control biomass growth (Welch and Lindell, 1980) and these are available in abundance in municipal wastewater. In Zimbabwe, eutrophication-related problems have been reported in Lake Chivero (Moyo, 1997) . The lake is located 35 km downstream of the capital city of Harare and supplies approximately 70% of the potable water needs in the area. Studies by JICA (1996) and Moyo and Worster (1997) suggest that the eutrophication of Lake Chivero is due to inappropriate sewage discharges. Earlier reports by Thornton and Nduku (1981) and McKendrick (1982) also point to a relationship between sewage discharges and water quality deterioration. Soluble nutrient concentrations have often been higher than permissible levels for drinking water in lakes of 0.3 mg·l -1 Total Nitrogen (TN) and 0.01 mg·l -1 Total Phosphorus (TP) (JICA, 1996) .
The Mukuvisi and Marimba Rivers drain the City of Harare and discharge into Lake Chivero. A lot of interest has been generated on pollution in the Marimba River subcatchment. The impact of effluent discharges from the Workington Industrial Area and those of treated and partially treated sewage from Crowborough Sewage Treatment Works (CSTW) on the quality of the Marimba River was studied by Mathuthu et al. (1997) . The levels of virtually all the water quality parameters monitored went up downstream of the sewage discharge point. Levels of phosphates exceeded maximum allowable WHO limits of 0.5 mg·l -1 and nitrates remained within acceptable limits for effluent water. In a related study, Manjonjo (1999) also found that sewage effluent and irrigation seepage and runoff were impacting significantly on nutrient and heavy metal levels in the Marimba River. The deterioration of water quality in the major inflow rivers into Lake Chivero greatly affects water treatment, rendering it more sophisticated and expensive. The major uses of water in the Lake are potable water supply, agriculture, recreation and supporting aquatic life. This paper focuses on a study that was carried out from June 2000 to December 2001 on the influence of sewage discharges on nitrogen and phosphorus loads in the Marimba River. The current paper reports on a part of a broader study on the Marimba River subcatchment focusing on sewage treatment efficiency, effluent polishing via pasture irrigation, and nutrient levels in the Marimba River. This study investigated the contribution of sewage from CSTW and its pastures to the nitrogen and phosphorus levels in the Marimba River. On a broader scope, the study contributed to water resource quality monitoring and assessment, and the development of local information systems to support decision-making.
Materials and methods

The study area
The study area is the Marimba River subcatchment, an area covering 189 km 2 (Fig. 1) . The studied area starts from just upstream of sewage discharge points up to the entrance into Lake Chivero. Marimba River stretches for about 25 km originating in the University of Zimbabwe grounds. It flows through the northern and western parts of Harare's commercial centre, collecting surface runoff from low-, medium-and high-density areas. It also flows through the Workington Industrial Area. After collecting sewage effluent from CSTW, the river passes through commercial farming Available on website http://www.wrc.org.za areas before discharging into Lake Chivero. The CSTW has a design capacity of 54 000 m 3 ·d -1 but was treating about 103 000 m 3 ·d -1 in December 2001. The plant comprises a biological nutrient removal (BNR) system with a capacity of 18 000 m 3 ·d -1 which discharges into the Marimba River and a trickling filter (TF) system with a capacity of 36 000 m 3 ·d -1 which discharges final effluent mixed with primary and secondary sludge to the pastures.
Sampling and analysis
The sampling locations chosen reflect different activities in the river reach (upstream, midstream and downstream) which may affect the quality situation in the river. A total of 14 river sampling points were established on the Marimba and Little Marimba Rivers. Station 1 is just before the river enters into Lake Chivero. Station 2 is about 3 km upstream where there is a flow-gauging station (C24). Other points were located on tributaries of the Marimba River with Station 3 draining Ingwe Pasture Irrigation Farm. Stations 10 and 11 are on the Little Marimba and monitor runoff and seepage from Crowborough Pasture Irrigation Farm. Similar stations (9, 12, and 13) were established on the main Marimba River to cater for the influence of sewage discharges and seepage/ runoff from the other side of Crowborough Pastures. Stations 11 and 13 are upstream of sewage influence and acted as reference points. In addition, the influent and effluent streams from CSTW were monitored. In a related study, seepage, runoff, and irrigation points on the Little Marimba River were sampled to estimate the impact of pasture irrigation on the river system. Samples were taken monthly from June 2000 to December 2001 to capture seasonal variations in water quality. The study focused on TN, TP, chemical oxygen demand (COD) and flows. The TN was taken as the sum of total Kjeldahl nitrogen (TKN) and nitrate-nitrogen (NO 3 -N). Nitrite-nitrogen (NO 2 -N) levels were observed to be too low (<0.02 mg·l -1 ) after the first five sampling runs and therefore left out of the analysis. Monthly river samples were collected, stored and analysed according to standard procedures (Standard Methods, 1995) . Samples were also collected from CSTW on a monthly basis. Samples were collected in plastic containers that had been washed with phosphorus-free detergents, rinsed with distilled water and left to stand overnight in 1M HCl They were rinsed again with distilled water and twice with sample water on site. In the field, samples were stored in cooler boxes with ice blocks, and later preserved and stored at about 4 o C in the laboratory before analysis.
The TP was determined by digesting samples with concentrated sulphuric and nitric acids followed by the analysis of phosphate content using the vanado molybdophosphoric acid method. Nitrate was determined using the electrode screening method (WTW Microprocessor pH/ion meter pMX 300). Samples for TKN analysis were digested according to the micro-Kjeldahl method followed by distillation with sodium hydroxide and sodium thiosulphate solution. The released ammonia was collected in excess boric acid and determined by titration with 0.02M sulphuric acid. The obtained data were analysed statistically using Microsoft Excel. Extensive use was also made of the JICA Report of 1996, which dealt with major pollution issues in the Lake Chivero catchment.
River flow measurement
Flows were obtained from continuous gauging stations data from the Zimbabwe National Water Authority (ZINWA) and the City of Harare. Other flows were measured using the current meter method at Stations 3, 11, and 12. A Weathertronics suspension-type water current meter, model 6640, was used with the following formula provided by the manufacturer for calculating flows: Water depths were determined at 200 mm intervals along the river cross-section and velocities measured at 2/3 depth of each segment (Lewis et al., 1984) . Flows at Station 2 were obtained from continuous flow readings from ZINWA. Distances between sampling points were measured using a planimeter. 
Determination of pollution load reduction
The stream-water quality trends caused by changes in sewage effluent quality were predicted using the 'screening model' (Hlavinek and Riha, 2001 ). The model is based on current and historical water quality data obtained from water quality measurement and analysis. The change in pollution sources produces the change in stream-water quality along the corresponding streams downstream from the pollution orifice while the stream selfpurification effect depends only on the stream water pollution concentration changed. This approach enabled prediction of the stream-water quality improvement without the detailed knowledge about all pollution sources in the catchment, which is quite an expensive and time-consuming process. The precise estimate of the efficiency of the anticipated pollution sources improvement is still necessary. An assessment of the rates of nutrient load reductions with distance was done based on the schematisation of the river reach as shown in Fig. 2 and Eq. (2). 
Results and discussion
Field measurements
Results for field measurements are shown in . Most stations had a pH of 6.5 to 7.8 except for those downstream of Station 3, which receives seepage and runoff from Ingwe Farm. Occasionally high pH levels observed were attributed to high levels of photosynthetic activity. Photosynthesis elevates pH in proportion to the rate of removal of free CO 2 ; the higher the removal rate, the higher the pH or the less the acidity (Billings, 1984) . Stations upstream of sewage discharge generally had higher dissolved oxygen (DO) levels, consistent with less polluted waters. Downstream, oxygen levels were gradually increasing due to the exhaustion of readily biodegradable organic matter, rapids and turbulent flow patterns. Electrical conductivity levels were mostly higher than 500 mS·cm -1 , which is much higher than expected levels in rivers. Higher turbidity levels were observed after sewage discharge mainly due to residential and urban agricultural runoff, pond overflow, and pasture runoff. High turbidity, apart from seriously detracting from aesthetic characteristics of water, may render the water unsuitable for domestic, industrial, and agricultural uses. Excessive turbidity in water can cause water purification problems, reducing filter run times. When highly turbid waters are chlorinated there may also be a tendency to increase trihalomethane (THM) precursors. Elevated turbidities are often associated with the possibility of microbiological contamination, as high turbidity makes it difficult to disinfect water properly. Figure 3 shows the TN and TP levels at various points along the Marimba and Little Marimba Rivers. Stations 12 and 13 are upstream of CSTW. There was a gradual increase in TP levels from these points to Station 9U, which is just before the pond effluent discharges into the Marimba River. The increase is attributed to irrigation runoff and seepage from Crowborough pastures. The effects of Crowborough pastures were also evident along the Little Marimba River. There was a gradual increase in TP levels from Station 11 up to 10, marking upstream and downstream points respectively on the Little Marimba River. The applicable WHO guideline for P in water systems that will reduce the likelihood of algal and other plant growth is 5 µg·l -1 (WHO, 1984) and this was exceeded at all points monitored. Station 1A had lower pollutant concentrations than the Marimba River and it shows pollution effects of non-urbanised areas.
Laboratory analysis
The WHO safe limit of 10 mg·l -1 NO 3 -N in domestic water for lifetime use (WHO, 1984) was often exceeded at some sites, making the river water unsuitable for direct domestic use, as this would expose infants and pregnant women to the risk of methaemoglobinemia. There are squatters who abstract water form the Marimba River and its banks, closer to Station 2. Oxidation of the NH 4 -N was evident downstream where DO and NO 3 -N levels were high. This is related to the turbulent nature of flow in the shallow river with average depth <1 m. Nitrates from fertiliser and leachates could also have contributed to increased nitrate levels further downstream. In some cases, downstream values were higher than upstream values whilst there was no further source of pollution within that stretch. This occurred in the dry season and it was attributed to water losses via evapotranspiration and aerosol effects related to rapids. Eutrophication-related problems in warm water aquatic systems begin to increase at ambient TP concentrations exceeding 0.3 to 0.7 mg P·l -1 (Fatoki et al., 2001) . The associated TN concentrations would also be of the order 0.3 to 0.7 mg N·l -1 . These threshold values were exceeded in the Marimba River and the receiving Lake Chivero (Nhapi et al., 2001) where eutrophication is well pronounced. The abnormally high levels of TN and TP downstream of sewage discharge confirmed that sewage treatment plant effluent is the major source of pollution in the river. The river failed to recover sufficiently before discharging into Lake Chivero. The nutrient levels found in this study are much higher than those found by Machena (1997), Zaranyika (1997), and Kamudyariwa (2000) for the Mukuvisi River; and Mathuthu et al. (1997) and Manjonjo (1999) for the Marimba River. Stations upstream of CSTW had COD averages of 20 to 40 mg·l -1 . This was attributed to industrial discharges and urban runoff. Downstream, the COD levels decreased with distance due to self-purification, in a manner consistent with DO levels increase in the stream (Fig 4) . ·d -1 respectively. The BNR effluent from CSTW was assumed to be the design capacity of 18 000 m 3 ·d -1 as no overloading is allowed in this part of the treatment plant. Effluents pumped to pasture irrigation at Ingwe and Crowborough Farm were obtained from pumping records assuming that performance has not varied much from design pumping flow. Pond overflow was then estimated from a mass balance. Results of an assessment of the impact of sewage water on hydraulic flows in the Marimba River (Fig 6) showed a weak correlation between sewage discharges into the Marimba River and gauged flows at C24 (correlation coefficient 0.49). This suggests some influence from other contributors to river flow like sewer overflows, industrial discharges, seepage and runoff, which parameters are variable in time.
Flow and nutrient loads
The results also showed that at least 50% of the river flow is sewage effluent. The obtained water and nutrient loads along the Marimba River are shown in Table 2 .
An attempt was made to develop nutrient and water balances for the studied portion of Marimba River. Problems were encountered in defining parameters related to water losses. The river was estimated to have an average width of 6 m and depth of 1 m. An average evaporation loss of 5.3 mm·d -1 was derived from Department of Water Development (1995) and increased by a factor of 1.2 to cater for turbulence and rapids effects. The calculated evaporation losses for the entire river portion studied then amounted to 0.42% of the daily flows, and this was considered negligible. The contribution of direct rainfall on the river, using 812 mm·yr -1 annual rainfall (ZINWA figures), was also very low at 0.07% of annual river flow. The resultant mass balance is shown in Table 3 .
The TN difference of 555 kg·d -1 (24%) was attributed to nitrogen losses through ammonia volatilisation, denitrification or sedimentation. The low pH levels and high DO concentrations at some of the points supports this assumption. Sediments have a high adsorption capacity for phosphorus and would account for the 37% loss in TP. Plant nutrient uptake was considered an intermediate step as the phosphorus would still be released back into the river system upon decay. The hydraulic residence time of sewage discharges into the Marimba River, for a stretch of 8 km, was calculated at 0.38 d. This is not much to allow chemical processes leading to sufficient reductions in nitrogen levels in the river. The water and nutrient contributions of the Marimba River for the studied portion are shown in Fig. 7 . Figure 7 confirms that the major source on nutrients in Marimba River is the pond overflow which contributed 61% TN and 47% TP. This was also corroborated by the observation that river nutrient levels went down considerably in October 2001 when there was no pond overflow. This overflow is a result of hydraulic overloading on the CSTW. The BNR discharges are quite within limits as little overloading is allowed in this part of the plant. BNR effluent results show that it might be possible to increase loading 
Pollution load reductions
The results of the application of Eq. (2) are shown in Table 4 . In between Stations 3 and 5 there was additional seepage/ runoff discharge at Point 3, accounting for reduced pollution attenuation. The impact of urban agriculture was expected between Points 5 and 7. The results did not show this as sewage still had a significant impact. However, pollutant reduction factors started going down after Point 5 as expected. Stretches 7 to 9 and 9 to 9U had highest reductions for both nitrogen and phosphorus. This was caused by removal of readily settleable and biodegradable matter in sewage effluent, principally pond overflow. These results are in contrast to Stretch 10 to 11, which received seepage and runoff. The nitrogen and phosphorus content of seepage and runoff is not readily biodegradable. Nutrient reductions for stretches 9U to 12 and 12 to 13 were of different magnitudes, suggesting that there is a gradual influence of seepage/runoff especially on nitrogen loads and transformations. In the rainy season, stretch 9U to 12 would also be influenced by stormflow from the nearby Mufakose Township.
Conclusions and recommendations
• Nitrogen and phosphorus levels in the Marimba River show a significant influence of sewage discharges resulting in high residual nutrient levels of 13.5±2.0 mg·l -1 as N (1 842 kg·d -1 ); and 2.6±0.6 mg·l -1 as P (408 kg·d -1 );) on entrance into Lake Chivero.
• The flow pattern at Station 2 (gauging Station C24) showed a weak correlation (correlation coefficient = 0.49) between sewage discharges and river runoff. This suggests other significant sources of incidental discharges upstream, e.g. industrial discharges, sewer overflows, etc.
• Pond overflow is the major source of nutrients in the Marimba River. If this were treated to BNR standards, nutrient loads in the Marimba River would reduce by about 47% for TN and 42% for TP.
From this study it is recommended that CSTW be urgently upgraded and that the pasture irrigation system be optimised for nutrient reduction. The City of Harare should also substantially reduce pollution upstream of sewage discharge. This involves stricter control and enforcement of industrial and commercial polluting activities, encouraging reuse and recycling, localised treatment of sewage, and control of urban agriculture. 
